Summary
Soil-borne mutualistic fungi, such as the ectomycorrhizal fungi, have helped shape forest communities worldwide over the last 180 million years through a mutualistic relationship with tree roots in which the fungal partner provides a large array of nutrients to the plant host in return for photosynthetically derived sugars [1, 2] . This exchange is essential for continued growth and productivity of forest trees, especially in nutrient-poor soils. To date, the signals from the two partners that mediate this symbiosis have remained uncharacterized. Here we demonstrate that MYCORRHIZAL iNDUCED SMALL SECRETED PROTEIN 7 (MiSSP7), the most highly symbiosis-upregulated gene from the ectomycorrhizal fungus Laccaria bicolor [3] , encodes an effector protein indispensible for the establishment of mutualism. MiSSP7 is secreted by the fungus upon receipt of diffusible signals from plant roots, imported into the plant cell via phosphatidylinositol 3-phosphate-mediated endocytosis, and targeted to the plant nucleus where it alters the transcriptome of the plant cell. L. bicolor transformants with reduced expression of MiSSP7 do not enter into symbiosis with poplar roots. MiSSP7 resembles effectors of pathogenic fungi, nematodes, and bacteria that are similarly targeted to the plant nucleus to promote colonization of the plant tissues [4] [5] [6] [7] [8] [9] and thus can be considered a mutualism effector.
Results
MiSSP7 Is Produced upon Receipt of Plant Root Secretions MYCORRHIZAL iNDUCED SMALL SECRETED PROTEIN 7 (MiSSP7) encodes a mature peptide of 68 aa ( Figure 1A ) that lacks cysteine residues. It was previously found that MiSSP7 mRNA and protein accumulate in mature mycorrhizal root tips [3] . To determine whether MiSSP7 is expressed earlier in the colonization process, we performed transcriptomic measurements and protein immunolocalization throughout a 12-week time course of mycorrhization of Populus trichocarpa roots. MiSSP7 transcripts were not detected in free-living mycelium but were detected during all stages of colonization ( Figure 1B) . Similarly, MiSSP7 protein was only detected in fungal hyphae colonizing roots ( Figure 1C ; see also Figures S1A-S1L available online). Because fungal colonies of Laccaria bicolor separated from direct contact with poplar roots by a cellophane membrane produced MiSSP7, direct contact with poplar roots was not necessary for MiSSP7 induction (Figures S1M-S1X). Activation of MiSSP7 was not ectomycorrhizal (ECM) host plant specific, because roots of the nonhost plant Arabidopsis thaliana could also induce its production ( Figures S1W and S1X) . Therefore, MiSSP7 is produced in L. bicolor upon receipt of diffusible signals from plant roots throughout the development of a mycorrhizal root tip.
MiSSP7 Is Imported into the Plant Cell
MiSSP7 was computationally predicted to be secreted into the plant apoplastic space [3] . Its localization after secretion was further investigated here. Using immunofluorometric labeling, we found that MiSSP7 enters plant cells and accumulates in the plant nuclei ( Figure 1C ). These results were corroborated by the nuclear localization of 5,6-carboxyfluorescein (FAM)-tagged MiSSP7 protein in poplar root and suspensioncultured cells ( Figure 1D ; Figures S2A-S2D ). Transgenic poplar root cells expressing MiSSP7 ( Figures S2F and S2G ) also accumulated MiSSP7 protein in their nuclei. Attachment of a nuclear export signal to the MiSSP7 peptide labeled with a FAM fluorochrome resulted in accumulation of the protein in the nuclear rim and reduced time in the plant nucleus (Figure 1D ; Figure S2H ). Access to the nucleus was not based on the small size of the MiSSP7 protein, because nuclear localization was significantly reduced in a truncated version of MiSSP7 despite cell entry ( Figure 1D ). Whereas no nuclear localization signal was identified for MiSSP7 using a bioinformatics approach, all truncations to MiSSP7 used in this study (Figure S3) that gained access to the cell exhibited a significantly reduced nuclear localization ( Figure S3 ). Thus, the full protein, rather than one discrete nuclear localization motif, may be needed for nuclear import. Nuclear localization occurs quickly ( Figure 1E ), within 30 min of incubation. Only 86% of nuclei were labeled, presumably because cells in the culture with different developmental states differentially take up external proteins [10] . Upon removal of MiSSP7 from the medium, nuclear localization, as denoted by fluorescently labeled nuclei, decreased rapidly ( Figure 1E ). This quick turnover of nuclear MiSSP7 would be consistent with a potential role for MiSSP7 in signaling between L. bicolor and plant roots.
MiSSP7 Enters Plant Cells via Endocytosis
Exogenous proteins, including fungal effectors, have been reported to enter plant cells via one of two main pathways: lipid raft-mediated endocytosis [11] or macropinocytosis [10, 12] . Only inhibitors of the endocytosis pathway significantly inhibited the cell entry of MiSSP7 (Figure 2A Figures S2I and S2J ). BFA treatment also blocked MiSSP7 localization to the nucleus ( Figure 2B ). Truncations of MiSSP7 were created to identify regions responsible for recognition and uptake into the plant cell (Figure S3) . Only peptides containing the region from amino acids 51 to 58 could be imported into plant cells ( Figure 2C ). Just these eight amino acids were sufficient to initiate endocytosis of a fluorescent label into the plant root cell (Figure 2 ). Mutational analysis of this region within the context of the whole protein indicated that the amino acids RALG were necessary for entry into root cells ( Figure 2C ). Given the conformity of RALG to RXLR-like sequences that enable phosphatidylinositol 3-phosphate (PI-3-P)-mediated host cell entry by some pathogenic effector proteins [11, [14] [15] [16] , we analyzed the ability of MiSSP7 to bind PI-3-P and the related molecules PI-4-P and PI-5-P. MiSSP7 bound with the highest affinity to PI-3-P and to a lesser extent to PI-4-P, an interaction that required an intact RALG motif (Figure 3 ). Consistent with these results, myo-inositol-1,4-diphosphate, a competitive inhibitor of PI-3-P binding, and wortmannin, which depletes cell surface PI-3-P [11] , also inhibited uptake of MiSSP7 into poplar root cells ( Figure 2A ) and into the BFA compartment of poplar cells ( Figure S2J) . Similarly, 1,3-IP2 and PEPP1, a protein that competitively binds PI-3-P [11] , also inhibited entry into root cells (Figure 2A) . Stability of the mutated proteins was not compromised as compared to wild-type MiSSP7 protein (Figure 3C) . Therefore, the lack of entry of mutated proteins is not due to increased degradation of the protein before cell entry. Together, these results reinforce the conclusion that MiSSP7 enters the plant cell via PI-3-P-mediated endocytosis and that the RALG domain is necessary for this import.
MiSSP7 Production Is Critical for the Formation of the Hartig Net
To test the functional role of MiSSP7 in the development of a mycorrhizal root tip, we generated ten independent transgenic lines of L. bicolor with lowered production of MiSSP7, as demonstrated by reduced expression of the gene and the protein, using RNA silencing (RNAi) ( Figure 4A ; Figure S4 ; Table S1 ) [17, 18] . Because homologous gene replacement is not available in L. bicolor, this technique could not be used to delete the MiSSP7 gene to analyze its impact on the establishment of symbiosis. The ability to form ECM root tips in the L. bicolor missp7 silenced lines dropped significantly, from about 40% to 0%-3% mycorrhizal root tips, depending on the silenced line ( Figure 4A ). Of the few mycorrhizal root tips induced by L. bicolor silenced lines, the vast majority had an atypical morphology ( Figure S4A ). Empty vector transformants of L. bicolor mycorrhized similarly to wild-type L. bicolor (Figure 4A ). Loss of MiSSP7 production did not affect the growth rate of the free-living mycelium (Table S1 ) and thus is unlikely to account for the reduced ability of the silenced lines to enter into symbiosis with poplar roots. Cross-sections of root tips colonized by silenced lines revealed formation of a mantle, a shallow Hartig net, and little accumulation of MiSSP7 protein ( Figures S4C and S4D ). Therefore, MiSSP7 is likely one of the components necessary for growth of ECM fungal hyphae into the root apoplast. Because RNAi precludes the use of transgenic overexpression of MiSSP7 (e.g., driven by 35S) as a means to complement the fungal mutant lines, two experimental strategies-biochemical complementation and heterologous expression of MiSSP7 in planta-were used to determine whether reduced expression of MiSSP7 alone was responsible for the inability of L. bicolor missp7 silenced lines to form a full intraradicular Hartig net. In both cases, replacement of MiSSP7 was able to complement the loss of MiSSP7 and reestablish hyphal penetration within the root ( Figure 4B ).
Cell entry and nuclear localization were necessary for this complementation, because MiSSP7 peptides used in biochemical complementation that were mutated to be excluded from either the cell (MiSSP7Ka) or the nucleus (MiSSP7-NES) did not significantly affect the ingrowth of fungal hyphae ( Figure 4B ; Figure S3 ).
MiSSP7 Alters the Plant Cell Transcriptome
Because nuclear localization of MiSSP7 is necessary for promotion of root penetration by L. bicolor, it seemed likely that MiSSP7 could reprogram the transcriptome of the plant cell. To investigate which genes might be affected by the presence of MiSSP7, we analyzed the transcriptome of poplar roots incubated with MiSSP7 protein for 1 hr. Two hundred and twenty-five transcripts were significantly modulated (>2.5-fold; p < 0.05; Table S2 ; Table S3 ). A large portion of the genes most highly modulated by MiSSP7 are involved in alteration of the root architecture. Of the most highly modulated genes, transcripts from auxin-responsive genes like the auxin/indole-3-acetic acid (Aux/IAA) genes, GH3, and the small auxin-up RNA (SAUR) gene families were upregulated. In concert with genes implicated in alteration of the root architecture, among the downregulated transcripts is CLAVATA3/ESR-RELATED 5 (CLE5). Because overexpression of CLE results in inhibited root growth [19] , downregulation of CLE5 by MiSSP7 might induce root growth. Furthermore, transcripts of genes implicated in cell wall remodeling (e.g., beta-glucosidase, pectinase, and extensin) and reactive oxygen species production (GRIM REAPER; [20] ) were more abundant in MiSSP7-treated roots. To ensure that these effects on the transcriptome were due to MiSSP7 in the nucleus, and not due to a peptide effect, we analyzed the expression of a number of these genes in the presence of a mutant version of MiSSP7 that cannot enter the plant cell or nucleus (Table S3) . None of the genes tested were significantly regulated by the mutant version of MiSSP7, indicating that the presence of MiSSP7 in the plant nucleus is indeed needed for alteration of the plant transcriptome in the manner demonstrated here. These results are interesting in light of the phenotype of L. bicolor missp7 silenced lines, which are unable to penetrate between the cells of the root. Perhaps during root colonization, MiSSP7 may affect the maintenance and structure of the plant cell walls, or of the root architecture in general by affecting plant hormone signaling, to facilitate hyphal penetration between cells and establishment of the Hartig net.
Discussion
In order to establish MiSSP7 as a genuine mutualism effector that controls the establishment and/or maintenance of the symbiotic relationship, it was necessary to prove that (1) it is induced by the presence of a plant root, (2) it alters functioning of the plant cell, and (3) it is necessary for mycorrhizal symbiosis. Our results demonstrate that MiSSP7, upon secretion, is able to traverse the plant cell wall and membrane to localize to the nucleus and that this localization alters the transcriptional status of host trees. The results suggest that MiSSP7 may be considered a master mutualism effector involved in the reprogramming of plant cells to favor mutualism. In mutualistic bacteria, small numbers of master regulators also appear to mediate symbiosis [21] , and the alteration of one gene can render a nonsymbiotic bacterium mutualistic [22] .
The severity of the impact that loss of MiSSP7 has on the The data presented here for MiSSP7 shed an interesting light on how close symbiotic signals may be between mutualistic and pathogenic fungi. The current understanding of the evolution of symbiotic fungal lineages is that they derived from saprotrophic ancestors (e.g., brown rot fungi) and, through convergent evolution, a number of different phylogenies developed the ability to establish symbioses with plants [1] . Whereas dozens of effectors released by pathogenic fungi and oomycetes have been characterized, similar secreted effector-like proteins used to colonize host roots have not been characterized in a mutualistic system to date. Here we have shown that the most highly regulated L. bicolor transcript in symbiotic tissues, MiSSP7, is an effector-like protein necessary for the penetration of fungal hyphae into plant tissues and for the maintenance of symbiosis in the plant apoplast. This would mean that the steps leading to the colonization of roots by ECM symbionts, including the use of effectors to subjugate plant defenses or alter plant cell wall characteristics, may be closer in mechanism to their pathogenic cousins than originally thought. This idea is further reinforced by the finding that MiSSP7 binds to membrane phospholipids and enters the cell via endocytosis in a manner similar to pathogenic effectors containing RXLR and RXLR-like motifs [11, [14] [15] [16] 23] . Furthermore, the demonstration here of a mutualistic effector protein that reprograms the host transcriptome mirrors the role of fungal pathogen effectors [7, 9, 24, 25] . PI-3-P PI-4-P PI-5-P PI-3-P PI-4-P PI-5-P PI-3-P PI-4-P PI-5-P PI-3-P PI-4-P PI-5-P C or from root cell extracts. Western blotting shows no degredation products or smearing of either mutated or wildtype proteins under these conditions from buffer samples or cell extracts. Cell extracts demonstrate that only MiSSP7KR and MiSSP7qR are recovered from within the cell, and not MiSSP7Kq or MiSSP7qq, despite their presence in the buffer, reinforcing the finding that the RALG motif is necessary for cell entry.
The symbiont Glomus intraradices also secretes a protein that interacts with the pathogenesis-related transcription factor ERF19 in the plant nucleus, contributing to the biotrophic development of arbuscular mycorrhizal fungi in roots by counteracting the plant immune program (see Kloppholz et al. [26] in this issue of Current Biology). This calls into question the very nature of the mutualistic relationship; perhaps it is very similar to some pathogenic relationships. Upon the release in 2006 of the genome for the fungal pathogen Ustilago maydis, which bears some hallmarks of the L. bicolor genome (reduced number of CAZymes, large number of effector-like SSPs), it was postulated that mutualistic fungi might use pathways similar to fungal pathogens to live in ''pretend harmony'' through the use of secreted effector proteins [27] . Our results here would indicate that this prediction is true. Given the key results obtained for MiSSP7, the role played by other ectomycorrhiza-upregulated small secreted proteins of L. bicolor [3] should be elucidated, as well as the identity of plant-based signals that may control L. bicolor growth within the root space.
Experimental Procedures
Plant and Fungal Material Used Poplar lines Populus trichocarpa clone 101-74 and P. tremula 3 P. alba clone 717-1B4 were used. All mycorrhization trials (greenhouse and in vitro) used the Laccaria bicolor isolate S238N, the parental strain to the homokaryon used to sequence the genome [3] .
Transformation of L. bicolor and Poplar
Transformation of L. bicolor S238N was performed using the RNAi/ Agrobacterium-mediated transformation (AMT) vector for intron hairpin RNA (ihpRNA) expression, and transformation of L. bicolor vegetative mycelium used the pHg/pSILBAg vector system as described in [18] using the full-length cDNA sequence of MiSSP7. Ten pHg/pSgMiSSP7 L. bicolor transformant strains were used in this study and were characterized as described in [17, 28] . Transformation of P. tremula 3 P. alba with MiSSP7 lacking the secretion signal (primers listed in Supplemental Experimental Procedures) was performed as described in [29] using the pORE-E2 vector under the constitutive HPL promoter [30] .
Poplar Mycorrhization Experiments
Fungal cultures and mycorrhization experiments of P. trichocarpa (greenhouse experiments) or of P. tremula 3 P. alba clone 717-1B4 (in vitro experiments) by L. bicolor and L. bicolor missp7 transgenic lines were performed as previously described for P. trichocarpa [3] and for P. tremula 3 P. alba as previously described in [31] . At least three biological replicates per time point were analyzed for mycorrhization potential or 10-20 biological replicates for the percent of colonized roots for each of the ten L. bicolor missp7 mutant lines (Cl01, Cl03, Cl05, Cl07, Cl09, Cl11, Cl13, Cl15, Cl17, and Cl19). Two independent empty vector transformant L. bicolor lines (pSYL7 and pSYL9) were also tested for their ability to colonize roots (in vitro).
Complementation of Two L. bicolor missp7 Silenced Lines Using the in vitro assay [31] , either wild-type P. tremula 3 P. alba clone 717-1B4 or one of two mutant 717-1B4 lines overexpressing MiSSP7 were placed in direct contact with L. bicolor missp7 line Cl01 or Cl19 (chosen because of intergenic T-DNA insertions), L. bicolor S238N, or L. bicolor pSYL7 or pSYL9 (empty vector-transformed lines) as controls. After fungal colonization, either 5 ml of 3.4 mM MiSSP7 (or MiSSP7Ka or MiSSP7-NES) in liquid Murashige and Skoog (MS) medium or a control solution of liquid MS medium was applied to newly emerged lateral roots every 2 days for a one-week period. Transgenic poplar roots expressing MiSSP7 were not dosed with peptide but were left in contact with either the transgenic fungus or wild-type L. bicolor for two weeks as described in [31] . Sections of treated roots were stained with 1% UVtex to visualize the development of the Hartig net. All microscopy was performed using a Bio-Rad Radiance 2100 AGR3Q-BLD Rainbow microscope. The depth of hyphal penetration into the host root was measured using ImageJ, with a minimum of three measurements each from root from three biological replicates. 
Microscopy and Immunolocalization
Immunolocalization of MiSSP7 was performed as described in [3] , and plant cell walls were stained with propidium iodide.
Peptide Application Experiments
Poplar roots and poplar suspension cells were exposed to a fluorescently tagged synthetic version of the MiSSP7 protein (with or without different mutations or truncations; Figure S3 ) produced by Pi Proteomics (Huntsville, Alabama). Purity of all peptides used was verified by analytical highperformance liquid chromatography. Young roots of live 717-1B4 plants or 717-1B4 suspension cells [grown in the absence of light in liquid MS medium supplemented with 5 mM 6-(g,g-dimethylallylamino) purine and 100 nM 1-naphthaleneacetic acid] were acclimatized to new (hormoneless) MS medium for 16 hr prior to the addition of MiSSP7 peptide (or its mutant counterparts) to a final concentration of 3.4 mM. Rooted plants were incubated in this solution for 2 hr in the light at 24 C, whereas suspension cells were incubated for 30 min in the dark with shaking. Plant nuclei were stained with DAPI for 20 min. Macropinocytosis and endocytosis experiments were performed as described in [10] [11] [12] . For brefeldin A experiments, 717-1B4 roots were preincubated in liquid MS medium dosed with 10 24 M brefeldin A (Sigma-Aldrich) as in [32] for 30 min, after which MiSSP7 was added and left for an additional 1.5 hr. For the final 10 min of incubation, the fluorescent marker of endocytosis FM4-64 (Invitrogen) was added. Live roots were visualized immediately (minimum of three independent biological replicates per experiment, with a minimum of 30 cells counted per biological replicate).
PI-3-P Binding and Cell Entry
MiSSP7-GFP fusion proteins were produced in and purified from E. coli (BL21DE3). Cell entry of MiSSP7 fusions into root cells was performed as described in [11] . Binding of MiSSP7 to liposomes or phospholipids PI-3-P, PI-4-P, and PI-5-P and western blotting were performed as described in [11] . Note that for filter phospholipid binding assays, purified, defatted bovine serum albumin (Sigma-Aldrich) must be used as the blocking agent [11] ; other blocking agents, particularly milk, may interfere with phosphoinositide binding.
RNA Extraction, cDNA Synthesis, Microarray, and Quantitative qPCR Relative quantification of MiSSP7 transcripts during fungal colonization of P. trichocarpa lateral roots was performed using free-living mycelium as a control. Synthesis of cDNA from total RNA was performed using the iScript kit (Bio-Rad) for qPCR procedures or the SMART PCR cDNA Synthesis kit (Clontech) according to the manufacturer's instructions for microarray analysis. Microarray experiments were performed as described in [3] .
A Student's t test with Benjamini-Hochberg false discovery rate multiple testing correction was applied to the data using ArrayStar software (DNASTAR). Transcripts with a significant p value (<0.05) and R2.5-fold change in transcript level were considered as differentially expressed.
To verify the results of the microarray experiments, we analyzed by quantitative PCR ten of the genes most regulated by MiSSP7. Fold changes in gene expression were based on DDCt calculations [33] and are reported in Table S3 .
Statistical Analyses
At least three independent biological replicates were performed for each test outlined in this study to ensure reproducibility and significance of data reported. A Student's two-tailed independent t test was used to determine the significance (p < 0.01) of all results except microarray data, for which p < 0.05 was used.
For more detailed methods, please refer to Supplemental Experimental Procedures.
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